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xlixlii5. The effects of implementing a personal audio system within a car cabin sized enclosure
have been investigated.
6. The acoustic contrast control strategy and least squares optimisation method have been
derived with constraints on the individual source strengths and these control strategies
have been applied to the optimisation of the car cabin personal audio system.
7. Apersonal audio system has been designed and implemented toachieve bright (listening)
and dark (quiet) zones in a car cabin.
A number of publications and conference proceedings have arisen from both the work
presented in this thesis and related work carried out during the same time period and these
references are given in the declaration of authorship.
28For the internal acoustic excitation source, with a volume velocity of 10−5 m3s−1 and
positioned in the corner of the rectangular enclosure as shown in Figure 2.1, Figure 2.2 shows
the total acoustic potential energy and the total structural kinetic energy within the enclosure
with a non-rigid roof panel. The acoustic and structural responses have been calculated for both
the fully coupled and weakly coupled cases. In the weakly coupled case the terms in square
brackets in equations 2.22 and 2.23 have been set to the identity matrix, as discussed at the
end of Appendix A. From Figure 2.2a it can be seen that the acoustic potential energy is only
signiﬁcantly affected at frequencies below around 100 Hz.
37Table 2.2: Coupling coefﬁcients, modal integers, and natural frequencies of the ﬁrst eight acoustic and ﬁrst nine structural modes.
Mode number Structural 1 2 3 4 5 6 7 8 9
Integers (1, 1) (2, 1) (3, 1) (1, 2) (2, 2) (4, 1) (3, 2) (5, 1) (4, 2)
Acoustic Frequency (Hz) 16 26 42 55 65 65 81 94 104
1 (0, 0, 0) 0 2.3344 0 0.7781 0 0 0 0 0.4669 0
2 (1, 0, 0) 71 0 2.2009 0 0 0 0.8804 0 0 0
3 (0, 1, 0) 143 0 0 0 2.2009 0 0 0.7336 0 0
4 (2, 0, 0) 143 -1.1005 0 1.9808 0 0 0 0 0.7336 0
5 (0, 0, 1) 156 -3.3014 0 -1.1005 0 0 0 0 -0.6603 0
6 (1, 1, 0) 160 0 0 0 0 2.0751 0 0 0 0.8300
7 (1, 0, 1) 172 0 -3.1126 0 0 0 -1.2450 0 0 0
8 (2, 1, 0) 202 0 0 0 -1.0375 0 0 1.8676 0 0
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(b) Total structural kinetic energy.
Figure 2.3: Simulated acoustic and structural response of the acoustic enclosure with ﬂexi-
ble roof and ﬂoor panels when excited at different frequencies by a single internal acoustic
monopole source with a volume velocity of 10−5 m3s−1.
42rectangular enclosure, investigating the coupled response will enable the effects of structural-
acoustic coupling to be observed where there are multiple structural components (or panels)
having different mode shapes and frequencies, as well as different positioning relative to the
acoustic mode shapes of the enclosure.
Figure 2.4 shows the total acoustic potential energy and total structural kinetic energy for
the structural-acoustic system where all panels are non-rigid and have the properties presented
in Table 2.1; that is, the enclosure is a plywood rectangular box with the dimensions presented
in Figure 2.1. Both plots in Figure 2.4 show the respective energies for the weakly coupled
and fully coupled cases. From these plots it can be seen that the effects of structural-acoustic
coupling occur over a wider bandwidth than for the single roof panel case considered above, as
expected.
From Figure 2.4a it can be seen that signiﬁcant variations between weakly and fully cou-
pled analyses now occur up to around 200 Hz. Additionally, more peaks in the fully coupled
energy spectrum occur for this completely non-rigid enclosure, which may be explained by
the larger number of structural modes in the low frequency bandwidth where coupling effects
are more signiﬁcant; that is, due to the multiple panel dimensions now included, 38 structural
modes occur below 100 Hz compared to the eight shown in Table 2.2. From the acoustic po-
tential energy plot it can also be seen that, as before, the ﬁrst longitudinal acoustic mode has
been shifted up in frequency, however, in this case the resonance appears at 85 Hz. This may
be explained by the signiﬁcantly increased number of structural modes that are lower in fre-
quency than the ﬁrst longitudinal acoustic mode, and which may, therefore, depending on their
geometric coupling and frequency proximity to the acoustic mode, more signiﬁcantly increase
its effective stiffness and thus natural frequency. It is also clear that, although the fully coupled
analysis of the entirely non-rigid enclosure shows a greater number of variations in the acous-
tic potential energy, the magnitude of the resonances and anti-resonances is either equal to, or
lower than for the single non-rigid panel system considered previously.
Figure 2.4b shows the total kinetic energy in all of the panels. From this plot it can be seen
that at high frequencies there is little difference between the weakly and fully coupled analyses.
This result may be related to the fact that, as noted previously, at higher frequencies the effects
of structural acoustic coupling tend to be limited due to low coupling between structural and
acoustic modes. At frequencies below around 170 Hz there are some frequencies where the
fully coupled analysis indicates that the total structural kinetic energy has increased and some
where it has decreased.
The effect of different panel boundary conditions on the response of the structural-acoustic
coupled system is investigated in Appendix C and, although the details of the interaction differ,
the general form of the results is similar to those for the simply supported panels as discussed
herein.
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Figure 2.4: Simulated acoustic and structural response of the acoustic enclosure with all non-
rigid panels being ﬂexible when excited at different frequencies by a single internal acoustic
monopole source with a volume velocity of 10−5 m3s−1.
44signiﬁcantly lower than the 10% assumed in the simulations; however, on the basis of previous
publications that present in-car measurements, the damping assumed in the simulations will
be maintained. The suitability of the assumed acoustic damping will be conﬁrmed in Chapter
6. However, to conﬁrm the validity of the elemental model of the structural-acoustic coupled
system the response of the enclosure with reduced acoustic damping has also been simulated.
Through comparison with the measured response of the car cabin mock-up it has been shown
that although speciﬁc features are not accurately modelled the general characteristic behaviour
is well modelled. The structural response of the car cabin mock-up has also been measured
and it has been shown that the level of damping in the ﬁnal mock-up conﬁguration with cot-
ton felt damping applied to the walls is comparable to the 5% frequency independent damping
assumed in the simulations.
Overall, the effects of structural-acoustic coupling are seen to be strongest at low frequen-
cies, where there are signiﬁcant interactions between the structural and acoustic modes. Al-
though it is very difﬁcult to predict the details of these interactions in an experimental ar-
rangement, the qualitative effects, of increasing the natural frequency of the ﬁrst longitudinal
acoustic mode and generally making the acoustic response more complicated, are clearly seen
in both the simulations and mock-up experiments.
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Figure 3.16: The normalised acoustic potential energy in the enclosure for each acoustic mode
for three different excitation sources.
77and the control bandwidth, as previously shown by Nelson and Elliott [33] for the rigid walled
enclosure, is unaffected by structural-acoustic coupling.
A practical control system cannot directly minimise the acoustic potential energy, there-
fore, simulations have also been presented in which the sum of the squared pressures at eight
error sensors positioned in the corners of the enclosure is minimised using feedforward control.
The presented simulations once again show little difference between the rigid and non-rigid en-
closure controlled responses and the level of control at low frequencies is comparable to that
achieved when the total acoustic potential energy is minimised directly. However, at higher fre-
quencies enhancements in the total acoustic potential energy result due to the spatial sampling
inherent when using a ﬁnite number of error sensors. The high frequency enhancements due
to spatial sampling are more signiﬁcant when an increased number of secondary sources are
employed, which is a result of the increased coupling achieved by a larger number of sources.
However, these enhancements could simply be avoided by setting a high frequency limit to the
controller in a practical system.
To conﬁrm the simulated results a series of results have been synthesised using transfer
responses measured in the car cabin mock-up shown in Figure 2.5. Despite the difference
in acoustic and structural damping the presented simulations have shown comparable control
bandwidths to the simulated performances. The level of pressure reduction has also been val-
idated through simulations of the enclosure with acoustic and structural damping close to that
of the mock-up.
In the real car environment the primary noise source may be acoustic or may also be due to
structural excitation. Therefore, simulations have been presented for both a point force struc-
tural excitation and an external acoustic plane wave excitation. For the point force structural
excitation it has been shown that signiﬁcant reductions in the acoustic potential energy are
limited to frequencies below around 200 Hz, which is comparable to the internal acoustic ex-
citation, although there are a number of resonances below 200 Hz that are not controllable.
Additionally, although a more signiﬁcant increase in the level of reduction occurs between one
and four secondary sources compared to the internal acoustic excitation, there is no increase in
the control bandwidth. This also occurs for the external acoustic plane wave excitation of the
enclosure, where the bandwidth of control is limited to below 100 Hz for both the one and four
source control systems. Investigating the contributions from the individual acoustic modes for
each of the three primary source excitations considered has highlighted the cause of the limited
bandwidth increase between using a single and multiple secondary sources for the two struc-
tural excitations. Speciﬁcally, for the point force structural excitation the radiation from the
structure excites higher order acoustic modes at a lower frequency than the internal acoustic
excitation and, therefore, increases the effective modal overlap and limits the level of control.
For the external acoustic plane wave excitation, although there are signiﬁcantly less strongly
excited modes than both other excitation sources, there are a larger number of overlapping
weakly excited modes that again limit the control bandwidth.
From the investigation of global feedforward control the effects of a non-rigid enclosure
84have been investigated and validated and the change in control performance for various pri-
mary ﬁeld excitations has been investigated. From these investigations it has been shown that
regardless of the structural-acoustic coupling or primary excitation, signiﬁcant reductions in
the acoustic potential energy are largely limited to frequencies around and below the ﬁrst lon-
gitudinal acoustic mode. In order to improve the bandwidth of control a second feedforward
control strategy has been investigated that attempts to control the sound in the regions sur-
rounding the car’s occupants’ heads. This control strategy reduces the volume over which the
acoustic energy is to be reduced and, therefore, allows enhancements to occur outside of the
speciﬁed control regions. This reduces the constraints on the control system and allows the
bandwidth of control to be increased.
The performance of the regional feedforward control strategy has been investigated through
both simulations using the model of structural-acoustic coupling and synthesis using the trans-
fer responses measured in the car cabin mock-up. Using four secondary sources positioned
at the standard car audio loudspeaker positions and eight error sensors positioned at the four
headrest positions, the acoustic potential energy within the control regions has been shown to
be signiﬁcantly reduced at frequencies up to 370 Hz. This is around a doubling in the upper
frequency limit of control compared to the global feedforward control strategy. A potential
issue with the regional feedforward control strategy is that, due to the positions of the error
sensors, it is susceptible to unobservable modes that result in enhancements in the regional
acoustic potential energy. However, it has also been shown that these effects may be limited
through the use of a control effort weighting parameter. The control effort weighting parame-
ter limits the control effort that is used and, therefore, effectively provides a trade-off between
control performance and control effort. In practice it may be possible to schedule the control
effort weighting based on the pressures at additional microphones positioned remotely from
the regional control zones.
8586Figure 4.4: Modal feedback control system with transducer weights set to control the ﬁrst
longitudinal acoustic mode.
Figure 4.5: The positions of the nodal lines for the ﬁrst seven modes (a - g) and the position of
the nodal lines for the 11th mode (h), for the rectangular enclosure and the effect of the modal
error sensor on the measured amplitudes of these modes (ampliﬁed/cancelled).
92ment constraints are based on the modal error signal. A method of designing the controller has
been proposed which formulates the problem as a convex optimisation problem using an FIR
control ﬁlter and frequency discretisation, and calculates the ﬁlter coefﬁcients and transducer
weightings using sequential quadratic programming. The performance of this control strategy
and design method has been assessed for the system employing the four car audio loudspeaker
positioned sources and the eight corner error sensors in the rectangular car cabin sized enclo-
sure with non-rigid walls; this allows the levels of control to be compared to those presented
for the feedforward engine noise controller in the previous chapter. From these simulations it
has been shown that signiﬁcant levels of global reduction are achievable at the targeted acoustic
mode, however, since the enhancement constraint is only enforced on the modal error signal,
signiﬁcant levels of enhancement are produced in the sum of the squared error sensor pressures
at frequencies above the targeted mode.
A second formulation of the modal feedback controller using the IMC architecture is then
described, in which the transducer weightings are included in the control path. This formu-
lation operates on the actual error signals and, therefore, optimisation is based on the sum of
the squared error signals and the enhancement in the individual error sensor pressures can be
enforced. The design of the controller has again been formulated as a convex optimisation
problem with an FIR control ﬁlter and frequency discretisation, and has been solved using
sequential quadratic programming. This controller does not increase the requirements of a
practical ﬁxed feedback controller, compared to the modal controller based on minimising the
model error signal. However, the controller optimised to minimise the sum of the squared error
signals is able to achieve signiﬁcant levels of control of a primary acoustic disturbance over a
bandwidth comparable to feedforward control.
Thetwoformulations ofthe modalfeedback controller are physically identical systems and,
therefore, require the same number of ﬁlters to be implemented. However, the two formulations
lead to different optimisation strategies and this means that the second formulation, in which
the transducer weightings are included in the control path, leads a more practically useful
solution. It should be highlighted, however, that this optimisation is more time consuming than
that required for the ﬁrst formulation in which the modal error signal is minimised.
The performance of the modal feedback controller in controlling multiple uncorrelated
structural primary sources is also simulated, as this disturbance is closer to that produced by
road noise. These simulations have shown that signiﬁcant levels of control of multiple uncor-
related structural excitations is achievable, however, due to the complexity of the sound ﬁeld
the bandwidth of control is limited to frequencies where a single acoustic resonance dominates
the enclosure’s response.
In the majority of practical car cabin environments the response is unlikely to be dominated
byasingle acoustic resonance, except inestate cars where thelength ofthecabin issigniﬁcantly
greater than the height and width. Therefore, although signiﬁcant control performance may
be achieved in applications where individual dominate resonances occur, the applicability of
the modal feedback control strategies investigated in this chapter may be limited in the car
122cabin road noise application. Therefore, the following chapter will extend the investigation of
feedback control using multiple sensors and sources to a fully MIMO controller.
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Figure 5.7: The ﬁlter coefﬁcients for the 32 FIR ﬁlters for the MIMO IMC feedback controller with four loudspeakers and eight error microphones optimised
to minimise the sum of the squared error sensor pressures when the non-rigid walled enclosure is excited by 18 uncorrelated structural excitations positioned as
shown in Figure 4.16.
1
3
8to allow a comparison of the three multichannel enhancement constraints derived in Chapter
4. This comparison has shown that the controllers optimised with the three enhancements
constraints all maintain the constraints on both the maximum singular value of the sensitivity
function and the maximum enhancement in the sum of the squared error sensor pressures;
however, the constraint on the maximum enhancement in the individual error sensor pressures
is signiﬁcantly violated by the two controllers optimised according to the other two constraints.
This indicates that these controllers will produce signiﬁcant enhancements in the pressures at
certain error sensors in order to achieve an increase in the reduction of the cost function. It
is also shown that the controller optimised with a constraint on the maximum enhancement in
the individual error sensor pressures achieves larger reductions in the total acoustic potential
energy and this can be related to the more uniform reduction in pressure achieved by enforcing
this constraint.
The performance of the MIMO feedback controller in controlling a structural primary ex-
citation has been simulated and it has been shown that control of an increased number of reso-
nances compared tothe modal feedback controller ispossible. Additionally, when the non-rigid
enclosure is excited by multiple uncorrelated point forces, the optimised MIMO feedback con-
troller is able to control all resonances within the control bandwidth up to around 100 Hz whilst
producing signiﬁcantly lower levels of spillover at higher frequencies compared to the modal
controller.
From the results presented in this chapter it has been shown that the MIMO IMC feedback
controller using acoustic secondary sources is capable of achieving signiﬁcant levels of control
of multiple uncorrelated structural excitations, which suggests that control of road noise in
a practical car cabin environment may be physically achievable. However, in each scenario
considered in the presented simulations, the controller has been optimised to control a speciﬁc
disturbance spectrum and a perfect plant model has been assumed. The effect of practical
variations in these parameters has not be explicitly investigated, although the robust stability
constraint will ensure the controller is robust to some variations in the plant. The robustness of
the controller to variations in the disturbance spectrum, which may be produced by changes in
road surface, and the plant response will be investigated in the following chapter in a real car
environment.
139140Table 6.1: Microphone positions
Position
Microphone 1 Front offside roof
Microphone 2 Front nearside roof
Microphone 3 Rear offside roof
Microphone 4 Rear nearside roof
Microphone 5 Front offside ﬂoor
Microphone 6 Front nearside ﬂoor
Microphone 7 Rear offside seat
Microphone 8 Rear nearside seat
Microphone 9 Driver outer right headrest
Microphone 10 Driver inner left headrest
Microphone 11 Front passenger inner right headrest
Microphone 12 Front passenger outer left headrest
Microphone 13 Rear nearside passenger outer right headrest
Microphone 14 Rear nearside passenger inner left headrest
Microphone 15 Rear offside passenger inner right headrest
Microphone 16 Rear offside passenger outer left headrest
DAQ Interface
Computer
Inputs
Outputs
p1
p8
8 q
Pre-amps
p9
p16
8
Pre-amps
‘Corner’
microphones
Headrest
microphones
OPR ref
‘Corner’
microphones
Secondary
sources
GPS Speed
ref
Figure 6.1: Block diagram of the in-car acoustic environment measurement setup. The sec-
ondary sources are either a volume velocity source, or the car audio loudspeakers, in which
case the dashed connection indicating the volume velocity measurement, is not present. The
Once-Per-Rev (OPR) reference signal is provided from the engine tachometer.
143(a) Front roof ‘corner’ microphone position (b) Rear ‘corner’ microphone positions
Figure 6.2: ‘Corner’ microphone positions
(a) Front headrest microphone positions (b) Rear headrest microphone positions
Figure 6.3: Headrest microphone positions
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Figure 6.5: The acoustic transfer response between the volume velocity source at position 1
and the pressure at microphone 9 positioned at the driver’s outer right headrest.
146In a low-cost active noise control system it is necessary to use the car audio loudspeakers
as secondary sources. Therefore, to determine the suitability of the standard car audio loud-
speakers the response between the voltage input to the loudspeakers and the pressures produced
at the 16 microphone positions has been measured. The response between loudspeaker 1 and
microphone 9 is presented in Figure 6.6. From this plot it can be seen that the pressure pro-
duced by the loudspeaker rolls off at frequencies below around 70 Hz. This suggests that the
loudspeaker’s resonance occurs at around 70 Hz, which may affect the stability of the feedback
control system and may result in difﬁculties in reproducing the required sound pressure levels
for both feedforward and feedback control at frequencies signiﬁcantly below around 70 Hz.
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Figure 6.6: Transfer response between the voltage input to car audio loudspeaker 1 and the
pressure at microphone 9 positioned at the driver’s outer right headrest.
To determine the maximum sound pressure levels that could be reproduced by the standard
car audio loudspeakers, and therefore to indicate whether they will be able to generate the
required cancelling pressures at the error sensors, a series of measurements were conducted
where the four car audio loudspeakers were each driven with sine waves at 50, 100, 200 and
300 Hz. Two loudspeaker drive conditions have been investigated:
1. Constant drive at 5 volts for 10 seconds.
2. Ramp up in voltage with a peak of 14 volts.
147The constant drive at 5 volts has been selected to provide an indication of the maximum steady-
state sound pressure level reproducible and the ramp-up in voltage to 14 volts has been used to
provide an indication of the short term, or peak voltage that may be applied to the loudspeakers
without damaging the drivers. Figure 6.7 shows the mean sound pressure level produced at
the 16 microphones under the two voltage drive conditions for the four car audio loudspeakers.
From this plot it can be seen that the mean sound pressure level produced under both constant
and peak voltage drive conditions is consistently lower at 50 Hz for all four loudspeakers. This
is a result of the loudspeakers’ resonances being at around 70 Hz and, therefore, the pressure
per unit input volt is lower. The pressure produced by each loudspeaker for a constant input
voltage level of 5 volts at 100, 200 and 300 Hz is between 90 and 105 dB, while the mean
pressure level produced by a peak input voltage of 14 volts is between 102 and 112 dB, and
these pressures are reasonably consistent with a linear response. It should be noted, however,
thatalthough theresponse atthedriving frequency increased reasonably linearly withexcitation
voltage, at input voltages above about 1 volt a number of harmonics were produced by buzzing
of the loudspeakers in their enclosures. This would severely limit the use of these loudspeakers
for active control, since in reducing low frequency noise the loudspeakers would generate high
frequencies, which may be more annoying.
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Figure 6.7: The mean sound pressure level produced at the 16 microphones by each of the
loudspeakers for a constant drive level of 5 volts (black lines) and for a short-term peak input
voltage of 14 volts (red lines).
In a practical scenario the car cabin will have at least a driver and possibly up to four
additional passengers. Therefore, the transfer response between the voltage input to the loud-
speaker and the pressure at the 16 microphones has also been measured when there is both
either a driver or a driver and a front seat passenger in the vehicle. Figure 6.8 shows the acous-
tic transfer response between loudspeaker 1 and microphone 9, which is at the driver’s right
148(a) 1000 rpm (b) 2000 rpm
(c) 3000 rpm (d) 4000 rpm
(e) 5000 rpm
Figure 6.9: The spectrum of the acoustic potential energy estimated from the 16 pressure mea-
surements for various constant unloaded (out of gear) engine speeds.
151(a) 1000 rpm, 2nd gear (b) 2000 rpm, 3rd gear
(c) 3000 rpm, 2nd gear (d) 4000 rpm, 3rd gear
(e) 5000 rpm, 3rd gear
Figure 6.10: The acoustic potential energy estimated from the 16 pressure measurements for
various constant engine speeds in various gears.
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Figure 6.11: The acoustic potential energy estimated from the 16 pressure measurements plot-
ted in decibels with reference to an arbitrary reference level for an engine run-up in 2nd gear
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Figure 6.12: The acoustic potential energy estimated from the 16 pressure measurements plot-
ted in decibels with reference to an arbitrary reference level for an engine run-up in 3rd gear
1542. Coast down
The ﬁrst driving condition provides a static noise spectrum, however, although these measure-
ments are dominated by road noise since the load on the engine is relatively low at constant
speed, the pressure levels also contain a contribution from the engine. The second driving
condition allows a reduction in the engine noise contributions since the engine can be unloaded
during the measurement. The details of the complete set of road noise measurements conducted
is presented in Table 6.3
Table 6.3: Road noise measurement conditions
Surface Test Condition Speed
Pav` e
Constant 50 km/h
Cost down 55 – 45 km/h
Rough road
Constant
50 km/h
75 km/h
100 km/h
Coast down
55 – 45 km/h
80 – 70 km/h
100 – 95 km/h
Figure 6.13 showsthe A-weighted acoustic potential energy estimated using the 16pressure
measurements in the car cabin when the car is driven at a constant speed of 50 km/h on the
pav` e surface and on the rough road at constant speeds of 50, 75 and 100 km/h. The A-weighted
spectrum has been presented since this allows a simple, informed judgement of the components
of the road noise that contribute most signiﬁcantly to the perceived noise. From this plot it can
be seen that for all four constant speed measurements there is a signiﬁcant broadband peak in
the spectrum from 80 to 180 Hz. This peak is most signiﬁcant for the measurements conducted
on the pav` e surface and, therefore, to be sure that the dominance of this peak on the pav` e
surface is not due to the constant road speed during the measurement and the size of the pav` e
blocks, Figure 6.14 shows the spectrum of the estimated acoustic potential energy during the
coast down from 55 to 45 km/h. From this plot it can be seen that the broadband peak from 80
to 180 Hz is relatively constant with road speed and, therefore, is unlikely to be a result of the
speciﬁc pav` e block dimensions.
The constant road speed measurements shown in Figure 6.13 show a second frequency
range with two signiﬁcant narrowband peaks between 230 and 260 Hz, although the speciﬁc
frequencies differ between the different driving conditions. These peaks can be related to the
ﬁrst tyre cavity resonance and the two resonance peaks are produced due to the tyre loading
and resulting deformation producing a non-symmetrical structure [168]. The variation in the
two spectral peaks is due to the Doppler effect and in general this causes the lower frequency
resonance to decrease in frequency with increasing road speed, whilst the higher frequency
155Figure 6.13: The A-weighted acoustic potential energy estimated from the 16 microphone
measurements for a constant road speeds on the pav` e and rough road.
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Figure 6.14: TheA-weighted acoustic potential energy estimated from the 16 microphone mea-
surements for a coast down from 55 to 45 km/h on the pav` e plotted in decibels with reference
to arbitrary reference level.
resonance increases in frequency [168].
From the results presented in this section it has been shown that there are two frequency
regions where the reduction of road noise is required. These are between 80 and 180 Hz, where
a structural resonance produces a broadband peak, and between around 230 and 260 Hz, where
the tyre cavity resonance produces two narrowband peaks. Based on the results of the MIMO
feedback control simulations presented in Chapter 5, the control of the tyre cavity resonances
will not be achievable using the proposed feedback active noise control system due to their
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Figure 6.19: The estimated voltage input to the four loudspeakers required to achieve control
of the ﬁrst engine order at the eight headrest error microphones as the engine speed is increased
from 1200 to 6000 rpm. The voltage is plotted in decibels relative 1 volt.
particularly at frequencies where unobservable modes occur.
Despite the enhancements in the sum of the squared pressures at all 16 microphones, the
regional control strategy does offer apotentially signiﬁcant improvement inthe levels of control
achievable at the locations of the car cabin’s occupants’. Therefore, it is again important to
determine whether the required loudspeaker input voltages are within the limits of the car audio
loudspeakers. Figure 6.19 shows the voltage input to the four car audio loudspeakers required
by the regional control system plotted in decibels relative to 1 volt. From this plot it can be
seen that the voltage input required to achieve the levels of control presented in Figure 6.18 are
greater than 1 volt at some engine speeds and, therefore, may produce additional harmonics as
discussed in Section 6.1.1.
Due to the signiﬁcant performance increase between the global and regional feedforward
control strategies that has been predicted using the ofﬂine simulations, it is desirable to im-
plement the regional feedforward control strategy in a real-time system. However, it has been
shown that the car audio loudspeakers will probably produce additional harmonics at the re-
quired voltage drive levels. In a future implementation it may be possible to avoid these prob-
lems through improving the car audio loudspeakers’ mounting system or by increasing the
damping of the interior car door panels. To avoid this problem in the implemented real-time
system a separate set of closed-back loudspeakers will be employed at positions close to the
standard car audio loudspeakers. However, since it will not be possible to position a loud-
speaker in the foot-well of the driver due to safety, it is necessary to determine whether re-
moving this loudspeaker from the control system will have a signiﬁcant effect on the control
performance or required voltage levels. Additionally, in order to reduce the computational de-
161Figure 6.23: The feedforward control system implemented in the lab with three control loud-
speakers, four error microphones and a primary disturbance produced by a single 18-inch vol-
ume velocity source.
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(a) Loudspeaker 1 – KEF B200G
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(b) Loudspeaker 2 – KEF B200G
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(c) Loudspeaker 3 – KEF B300B
Figure 6.24: The plant response measured between each control loudspeaker and the four error microphones in the laboratory setup in Figure 6.23: Mic. 1 (—),
Mic. 2 (—), Mic. 3 (—), Mic. 4 (—)
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(a) Loudspeaker 1 to mic. 2
10
1 10
2 10
3 −50
−40
−30
−20
−10
0
10
Frequency, Hz
2
0
l
o
g
 
1
0
|
G
|
,
 
d
B
10
1 10
2 10
3
−2
0
2
Frequency, Hz
Ð
 
G
,
 
r
a
d
(b) Loudspeaker 2 to mic. 2
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(c) Loudspeaker 3 to mic. 2
Figure 6.26: The measured (—) plant response measured between each control loudspeaker and error microphone 2 in the laboratory setup in Figure 6.23 and the
corresponding model plant responses modelled with FIR ﬁlter with 60 coefﬁcients (—).
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Figure 6.32: Feedforward controller setup consisting of four error microphones and 3 control
loudspeakers used in the vehicle . The once-per-rev signal is obtained directly from the engine.
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(a) Source 1
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(b) Source 2
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(c) Source 3
Figure 6.33: Measured plant response between each source and the four error microphones: Front nearside headrest (—), Front offside headrest (—), Rear
nearside headrest (—), Rear offside headrest (—)
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(a) Source 1 to error 1
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(b) Source 2 to error 1
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(c) Source 3 to error 1
Figure 6.34: The measured (—) plant response between each control loudspeaker and error microphone 1 in the car cabin and the corresponding model plant
responses modelled with FIR ﬁlters with 90 coefﬁcients (—).
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(b) Modiﬁed ANC on, alpha=0.01
Figure 6.39: The sum of the squared error sensor pressures plotted in decibels relative to an
arbitrary reference level for a slow engine run-up in 3rd gear.
1922000 3000 4000 5000 6000
0
50
100
150
200  
Engine speed, rpm
 
F
r
e
q
u
e
n
c
y
,
 
H
z
(a) ANC off.
2000 3000 4000 5000 6000
0
50
100
150
200  
Engine speed, rpm
 
F
r
e
q
u
e
n
c
y
,
 
H
z
(b) Standard ANC on, alpha=0.01
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(c) Modiﬁed ANC on, alpha=0.01
Figure 6.41: The sum of the squared error sensor pressures plotted in decibels relative to an
arbitrary reference level for a fast engine run-up in 3rd gear.
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(a) Standard controller.
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(b) Modiﬁed controller with bandpass ﬁlter.
Figure 6.42: Response of the active noise controllers switched on at t=1 at 1500 (—), 2000
(—), 3000 (—), 4000 (—) and 5000 rpm (—) in 3rd gear.
by the bandpass ﬁlter and is around 20 msec at most engine speeds. However, it is difﬁcult to
observe the effect of the bandpass ﬁlter in this experimental conﬁguration and simulations of
this modiﬁed controller would provide further insight into its operation. Also, it can be seen
that in general the maximum levels of control have been slightly reduced by the modiﬁed con-
troller. The operating limitations of the modiﬁed controller are not completely clear from the
presented results, however, the reduced performance may be related to the group delay intro-
duced by the bandpass ﬁlter and this is consistent with the comparable control system presented
in [173]. In the formulation presented here, the bandpass ﬁlter delay could be compensated for
in the controller by including a duplicate of the bandpass ﬁlter in the plant modelling path,
although time did not allow this modiﬁcation to be tested and this would still reduce the speed
of convergence.
195and road noise have been conducted on a rolling road and a number of different road surfaces
respectively. From these results it was shown that the dominant source of engine noise is due
to the ﬁrst engine order. From the results of the road noise measurements it has been shown
that two frequency regions exist where noise control is required: a broadband peak between 80
and 180 Hz, which is due to a structural resonance; and narrowband peaks between 230 and
260 Hz, which are due to the tyre cavity resonance.
Using the measured transfer responses and engine noise data the performance of an optimal
feedforward ﬁrst engine order controller has been predicted using ofﬂine simulations. Global
control of the ﬁrst engine order, where the sum of the squared pressures at the ‘corner’ error
microphones is minimised, has ﬁrst been simulated and reductions of up to 20 dB have been
predicted at low frequencies. The level of control generally decreases with increaseing engine
speed and these results are consistent with those presented in Chapter 3. To achieve improve-
ments in the level and bandwidth of control, regional control, where the sum of the squared
pressures at the headrest error microphones is minimised, has also been simulated. These of-
ﬂine predictions showed that the level of control at the positions of the car cabin’s occupants
is signiﬁcantly increased, as previously shown in Chapter 3; however, there is a correspond-
ing increase in the loudspeaker voltage drive levels and the required voltage drive levels may
cause the standard car audio loudspeakers to buzz in their enclosures and produce additional
undesirable harmonics.
Based on the ofﬂine simulations of feedforward engine noise control a practical real-time
control system has been designed and implemented using the ﬁltered-reference LMScontrol al-
gorithm due to its robustness and computational efﬁciency, although it is noted that alternative
algorithms could improve the speed of convergence. To avoid the potential issues of employ-
ing the standard car audio loudspeakers a separate array of three loudspeakers, including one
subwoofer unit, has been employed and the individual driving voltages have been limited by
employing an individual control effort constraint. The performance of the real-time controller
has ﬁrst been studied in a laboratory setup and has subsequently been implemented in the small
city car. The implemented feedforward controller achieved levels of ﬁrst engine order reduc-
tion consistent with those predicted in the ofﬂine simulations, however, enhancements at other
orders were also produced. These enhancements have been related to the effective feedback
loop in the controller and are linked to the speed of adaptation. To attempt to reduce these
enhancements a modiﬁed controller was proposed which employs a variable bandpass ﬁlter
at the control outputs in order to reduce the components of the control signal at frequencies
other than the ﬁrst engine order. The performance of this modiﬁed controller has been mea-
sured and the presented results have shown that for slow engine run-ups the enhancements have
been reduced, whilst the level of ﬁrst order control is largely maintained. However, for faster
engine-runps the enhancements are not reduced, which has been related to the group delay in-
troduced by the bandpass ﬁlter. Further investigation of the proposed modiﬁed controller has
been suggested in order to fully understand its operation and potential performance.
The MIMO feedback controller, initially investigated in Chapter 5, has also been investi-
202gated through ofﬂine predictions using the measured transfer responses and road noise data.
The MIMO feedback controller has been optimised to achieve control of the broadband peak
between 80 and 180 Hz and a reduction in the sum of the squared error microphone pressures
of up to 6 dB was predicted, whilst the enhancements in the individual squared pressures was
kept below 6 dB. The robustness ofthe controller to deviations from the nominal plant response
and disturbance spectrum were also predicted, and it has been shown that in both cases the de-
signed controller is robust to these variations. However, it has also been highlighted that the
considered plant variations are not expected to represent the most signiﬁcant plant variations
that may occur in practice and a more comprehensive study would be required in practice.
Although ofﬂine simulations of the MIMO feedback controller have predicted signiﬁcant
levels of control, these simulations have not considered a number of practical limitations. For
example, due to its complexity it is necessary to implement the MIMO feedback controller
digitally, however, the ofﬂine predictions have not taken into account the delays inherent in a
digital implementation which will limit the bandwidth of control. It is necessary to minimise
these delays in a practical implementation, however, the presented controller cannot be im-
plemented on the currently available digital signal processing hardware with a short enough
delay. Therefore, a number of areas of future work have been suggested to allow the real-time
implementation of the proposed controller.
203204creasingly used to stream video, listen to audio, or make video calls [176]. Due to the desire
to create personalised listening zones, there has been a number of personal audio systems pro-
posed for different applications such as in mobile devices [80, 86] and video monitors [83],
and a review of these systems has been presented in Section 1.3.2.
In the automobile cabin environment there is also a desire to implement personalised rear
seat entertainment, in part due to the introduction of ﬂat panel displays [16]. Two systems to
generate personal listening zones in a car cabin have been presented in patents [26, 17]. The
ﬁrst system patented in 2004 [26] relies on the directivity of “planar magnetic loudspeakers”
and their interaction with the car cabin acoustic environment through reﬂections to generate
personalised listening zones. However, the results presented in this patent show that the gener-
ation of personal sound zones is only achievable at frequencies greater than around 6 kHz. The
second system proposes using “ultrasonic speakers” [17], or parametric arrays [89], to generate
personal listening zones in a car cabin. Although the patent does not indicate the performance
of the proposed system, based on the high directivity that is achievable using parametric arrays
the proposed system is likely to provide a signiﬁcant level of performance. However, the high
power requirements, the need for a large number of transducers and the potential health risks
[91] may limit the practicability of this system.
The generation of personal sound zones in applications other than the car cabin environ-
ment have successfully employed active sound control techniques that generate a desired sound
ﬁeld through both constructive and destructive interference between the sound ﬁelds produced
by an array of sources, or loudspeakers, as discussed in Chapter 1. The most widely investi-
gated approach to generating a personal sound zone using an array of loudspeakers is superdi-
rective or optimal beamforming. This chapter will investigate the development of a personal
audio system that allows different audio programmes to be reproduced in the front and rear
seats of a car cabin environment using these optimal beamforming control strategies.
Although a number of methods of optimising arrays for personal audio reproduction have
been proposed, the most widely employed and investigated method has been acoustic contrast
control [24]. Therefore, this method will ﬁrst be reviewed and then a generalisation of acoustic
contrast control will be presented that introduces a constraint on the electrical power required
by the optimised array. Additionally, anew formulation of the acoustic contrast control strategy
with a constraint on the electrical power required by the individual sources will be derived.
Although acoustic contrast control provides the optimum performance in terms of the absolute
pressure levels reproduced in the control zones, it does not constrain the phase of the produced
pressures and, therefore, the audio quality maybepoor [78]. Thishas been considered in[78]in
the context of a broadside array of phase-shift loudspeakers and it has been shown that the least
squares method, which is widely employed in active noise control, as in Chapter 3, is capable of
deﬁning both the magnitude and phase of the reproduced audio whilst maintaining an acoustic
contrast that is only slightly reduced compared to contrast maximisation. Therefore, the least
squares method will also be detailed and formulations of this method with power constraints
will also be derived.
206Figure 7.5: Rectangular enclosure showing the positions of the corner monopole sources (in-
dicated by rectangles) and the front (red) and rear (grey) control zones.
it is difﬁcult to relate this roll-off characteristic to one particular parameter as is possible, for
example, for simple end-ﬁre [80] or broadside arrays [78]. It can be seen from comparing the
red and black lines in Figure 7.6a that, in general, the acoustic contrast is slightly lower when
producing a front bright zone than when producing a rear bright zone. This can be related to the
slightly closer proximity of the control sources to the rear control zone than to the front control
zone and, therefore, the lower source strengths required to produce the desired average bright
zone pressure. From the general trend which is observed for both control scenarios, the results
show that as the wavelength of the radiated sound gets shorter, the generation of two distinct
listening zones becomes more difﬁcult and this can be related to both the physical separation
between the sources as well as the relative separation and the orientation of the control zones.
Figure 7.6b shows the corresponding array effort required to achieve the acoustic contrast
levels presented in Figure 7.6a. The array effort is plotted in decibels relative to the array effort
required to produce the same average bright zone pressure when driving all of the sources in
phase. From the freeﬁeld results shown in this plot a general trend can again be observed for
both control scenarios. Atfrequencies below around 50 Hzthe array effort isrelatively constant
at around 33 dB when producing a front bright zone and 38 dB when producing a rear bright
zone. At frequencies greater than 50 Hz the array effort in both cases begins to roll-off as the
array becomes less self-cancelling.
Despite the difﬁculty in understanding the details of the physical limits on the control sys-
tem performance in the freeﬁeld, these results can still be used to provide a reference for under-
standing the physical effects introduced by employing the control system in the enclosure. The
acoustic contrast performance of the system optimised in the enclosure is shown by the dashed
lines in Figure 7.6a for the two control scenarios. From this comparison it can be seen that at
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(a) Acoustic contrast.
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(b) Array effort.
Figure 7.6: Acoustic contrast and array effort plotted as a function of frequency for the array of
eight sources positioned in the corners of the car cabin sized rectangular enclosure or freeﬁeld
region. The array effort is plotted in decibels relative to the array effort required to produce the
same average bright zone pressure when driving all sources in phase. The performance of the
array is shown in both the freeﬁeld (solid lines) and in a rigid walled enclosure (dashed lines)
for two control scenarios, where the bright zone is deﬁned as either the front control zone (red
lines) or the rear control zone (black lines).
218Figure 7.7: Rectangular enclosure showing the positions of the car audio monopole sources
(indicated by rectangles) and the front (red) and rear (grey) control zones.
array there is a slightly smaller average distance to the rear control zone than to the front control
zone.
Figure 7.8b shows the corresponding array effort required to achieve the acoustic contrast
performance presented in Figure 7.8a. The array effort is again plotted in decibels relative to
the array effort required to produce the same average bright zone pressure when driving all
sources in-phase. From the freeﬁeld results shown in this plot it can be seen that the array
effort is signiﬁcantly lower than that required by the corner source array, which can be related
to the closer proximity of the sources to the control zones. However, the required array effort
follows a similar trend to that required by the corner array; that is, at frequencies below around
50 Hz the array effort is relatively constant for both control scenarios and at frequencies above
around 50 Hz the array effort begins to roll-off as the array becomes less capable of producing
the speciﬁed bright and dark zones.
Figure 7.8a shows the effect of the rigid walled enclosure on the acoustic contrast perfor-
mance achieved using the car audio source array. It can be seen that the effect of the enclosure
on the contrast performance at frequencies below the ﬁrst longitudinal acoustic mode is not as
signiﬁcant as was observed for the corner source array and in fact the performance is increased
when producing a rear bright zone. This can be related to the car audio sources not being
symmetrically distributed and, therefore, not all coupling into the acoustic modes identically.
At higher frequencies the performance of the car audio array in the enclosure is more varied
than in the freeﬁeld and the array is unable to achieve a signiﬁcant level of acoustic contrast
at frequencies greater than around 200 Hz for a front bright zone and 120 Hz for a rear bright
zone. This limit is consistent with the limit of active noise control in an enclosure as detailed
in Chapter 3 and can be related to the array not coupling with a sufﬁcient number of acoustic
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(b) Array effort.
Figure 7.8: Acoustic contrast and array effort plotted as a function of frequency for the array
of four sources positioned at the standard car audio loudspeaker positions in the car cabin sized
rectangular enclosure or freeﬁeld region. The array effort is plotted in decibels relative to the
array effort required to produce the same average bright zone pressure when driving all sources
in phase. The performance of the array is shown in both the freeﬁeld (solid lines) and in a rigid
walled enclosure (dashed lines) for two control scenarios, where the bright zone is deﬁned as
either the front control zone (red lines) or the rear control zone (black lines).
221previous work it has been shown that the use of a compact endﬁre array allows a signiﬁcant
acoustic contrast to be achieved whilst employing a small array of loudspeakers. This is impor-
tant in the car cabin application since mounting large arrays close to the occupants heads may
be impracticable due to crash safety and restricting the driver’s vision. Therefore, based on the
results of the previous work described above, the control geometry presented in Figure 7.9 will
be investigated. The control system consists of four two-source endﬁre arrays each mounted
at the centre of the occupants’ head positions with an inter-source separation of 4 cm, which is
consistent with the previous work in [80]. The contrast is maximised by allowing independent
control of each of the eight individual sources within the array.
Figure 7.9: Plan view of the rectangular enclosure showing the positions of the four two-source
compact source arrays (indicated by rectangles) and the front (red) and rear (grey) control
zones.
Figure 7.10 showsthe acoustic contrast and array effort according to themodal and freeﬁeld
simulations for the two control scenarios. The modal simulations are presented up to 1.2 kHz
using 4420 acoustic modes, while the freeﬁeld simulations are shown up to 10 kHz. From
the acoustic contrast results in the freeﬁeld it can be seen that in both control scenarios high
levels of acoustic contrast performance are achieved at low frequencies. The acoustic contrast
gradually reduces with increasing frequency and rolls-off quite rapidly from around 200 Hz.
This is signiﬁcantly lower than the high frequency limit previously observed for the two-source
compact array with an inter-source separation of 4cm [80], however, the employed array in this
case is not a simple two-source array operating in isolation and therefore the roll-off charac-
teristic is signiﬁcantly more complicated. Despite this roll-off it can be seen that an acoustic
contrast greater than 10 dB is still achieved at 10 kHz for both control scenarios. This acoustic
contrast would provide subjectively acceptable performance according to the work presented
in [23] and acceptable levels of performance under certain operating scenarios according to
[70]. However, it is important to reiterate that the presented simulation results are likely to be
quite inaccurate at higher frequencies since the practical effects such as the directivity of the
223individual loudspeakers and bafﬂing due to headrests are not considered.
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(a) Acoustic contrast.
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(b) Array effort.
Figure 7.10: Acoustic contrast and array effort plotted as a function of frequency for the array
of four two-source compact arrays positioned at the centre of each of the four headrest positions
in the car cabin sized rectangular enclosure or freeﬁeld region. The array effort is plotted in
decibels relative to the array effort required to produce the same average bright zone pressure
when driving all sources in phase. The performance of the array is shown in both the freeﬁeld
(solid lines) and in a rigid walled enclosure (dashed lines) for two control scenarios, where the
bright zone is deﬁned as either the front control zone (red lines) or the rear control zone (black
lines).
Figure 7.10a also shows the performance of the four two-source compact arrays simulated
in the rigid walled enclosure using the modal model. From these results it can be seen that in
both control scenarios the acoustic contrast at frequencies below around 500 Hz is signiﬁcantly
below that predicted according to the freeﬁeld simulations. However, it appears that as the fre-
quency increases the results of the models converge to a similar predicted performance. This
behaviour can also be seen in the array effort results presented in Figure 7.10b, where signif-
icant differences are observed between the freeﬁeld and modal simulations at low frequencies
but reasonably consistent results are shown as the modal density increases.
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(a) Acoustic contrast between a bright front zone and
dark rear zone.
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(b) Array effort required to achieve a bright front zone
and dark rear zone with the contrast level in Figure
7.14a.
Figure 7.14: Acoustic contrast and array effort plotted as a function of frequency for the array
of four sources positioned at the standard car audio loudspeaker positions in the car cabin
sized rectangular enclosure. The array effort is plotted in decibels relative to the array effort
required to produce the same average bright zone pressure when driving all sources in phase.
The performance of the array optimised using both acoustic contrast maximisation (—) and
least squares optimisation (—) are shown.
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Figure 7.15: The trade-off between the array effort and the acoustic contrast achieved when
using the power constrained acoustic contrast control strategy for the car audio source array.
233the array and this may be achieved using a number of methods as discussed in Chapter 1.
Although the acoustic contrast control strategy is inherently capable of achieving the maximum
level of acoustic contrast in an ideal system for a given control scenario, it may provide limited
audio quality in practice. Previous work has shown that using a least squares control strategy
with suitable target pressures may facilitate improved audio quality. Therefore, the acoustic
contrast and least squares control strategies have been presented and for both control strategies
formulations including constraints on either the array effort or the individual source efforts
have been derived; these constrained formulations will be employed in the optimisation of the
practical system in the following chapter.
The performance of the acoustic contrast and least squares control strategies has been com-
pared in the context of both the car audio array and the broadside headrest array employing
hypercardioid sources. For the car audio loudspeaker array it has been shown that the least
squares solution achieves similar levels of acoustic contrast to the acoustic contrast control
strategy at low frequencies, where the array is physically capable of achieving signiﬁcant lev-
els of contrast. However, the least squares solution beneﬁts from a signiﬁcant reduction in array
effort and a signiﬁcant improvement in the conditioning compared to the acoustic contrast so-
lution. This will provide a more robust implementation in practice. For the broadside headrest
array it has been shown that the predicted acoustic contrast of the array optimised according to
the least squares strategy is relatively constant with frequency, but at frequencies below around
2 kHz the performance is signiﬁcantly lower than for the acoustic contrast control strategy. It
has also been shown that the conditioning of the least squares solution is signiﬁcantly better
than the acoustic contrast control strategy at all frequencies and the high levels of acoustic
contrast predicted for the acoustic contrast control strategy may be unachievable in a practi-
cal system subject to uncertainties. Therefore, the least squares solution is a more practical
solution which is also expected to provide improved audio quality.
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(a) Phase-shift loudspeaker dimensions in mm. (b) Phase-shift loudspeaker.
Figure 8.3: Dimensions and photo of the phase-shift loudspeaker [84].
and discussed in [93, 84, 92]. The phase-shift loudspeakers employed here were designed
in a previous project [84] to produce a hypercardioid directivity pattern. The resistive mate-
rial positioned covering the rear opening was a ﬁne metal gauze and the size of the opening
was empirically determined using a prototype phase-shift loudspeaker with a variable size rear
opening. The directivity index of the implemented phase-shift loudspeaker measured in an
anechoic chamber is shown in Figure 8.4 along with the directivity index of a theoretical hy-
percardioid source. The directivity index was measured as the ratio of the squared pressure
produced on-axis to the average squared pressures produced at 24 additional positions evenly
distributed on a circle surrounding the source in the horizontal plane. From this plot it can be
seen that the directivity index of the phase-shift loudspeaker is close to that of a hypercardioid
source at frequencies between around 200 Hz, where the loudspeaker begins to operate effec-
tively, and 1 kHz. At frequencies between around 1 kHz and 3.5 kHz the directivity index is
negative indicating that the phase-shift loudspeaker radiates more efﬁciently to the rear of the
device. This problem has been solved in subsequent work by Sim´ on G´ alvez by introducing
high frequency absorption at the rear opening of the phase-shift loudspeaker and these loud-
speakers have been employed in [78]. Despite the limited directivity index of the phase-shift
loudspeakers shown in Figure 8.3, it is expected that at these frequencies the diffraction ef-
fects introduced by the positioning of the loudspeakers in close proximity to the car seats and
headrests will signiﬁcantly alter their directivities. This will require further work to fully un-
derstand and, therefore, due to their availability, these phase-shift loudspeakers will be used in
this study. The positions of both the headrest and car audio loudspeakers are summarised in
Table 8.1.
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(a) Microphone positions 1 to 8.
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(b) Microphone positions 9 to 16.
Figure 8.7: The transfer response between the voltage input to loudspeaker 1 (KEF B200G, driver foot-well) and the pressure produced at microphone positions
1 to 8 (a) and 9 to 16 (b).
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(a) The transfer response between the voltage input to loudspeaker 5 (Phase-
shift loudspeaker, driver right headrest) and the pressure produced at micro-
phone positions 2 (driver inner right) and 10 (Rear nearside passenger inner
right).
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(b) The transfer response between the voltage input to loudspeaker 9 (Phase-
shift loudspeaker, nearside rear passenger right headrest) and the pressure pro-
duced at microphone positions 2 (driver inner right) and 10 (Rear nearside pas-
senger inner right).
Figure 8.8: Example headrest loudspeaker transfer responses.
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(a) The frequency response of the ﬁlters required to produce a front bright zone
and a dark rear zone using the four car audio positioned loudspeakers.
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(b) The frequency response of the ﬁlters required to produce a dark front zone
and a rear bright zone using the four car audio positioned loudspeakers.
Figure 8.9: Least squares optimised ﬁlter frequency responses for the car audio loudspeaker array.
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(a) Acoustic contrast.
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(b) Array effort.
Figure 8.10: The acoustic contrast and array effort plotted as a function of frequency for the
array of four car audio positioned loudspeakers optimised to produce a front bright zone (—)
and a rear bright zone (—). The array effort is plotted in decibels relative to the array effort
required to produce the same average bright zone pressure when driving all loudspeakers in-
phase.
254phones, and, therefore, the front loudspeakers must be driven harder to achieve cancellation of
the pressures produced in the front zone by the rear loudspeakers.
Using the optimal ﬁlter responses presented in Figure 8.11 the performance of the opti-
mised headrest loudspeaker array has been synthesised and Figure 8.12 shows the predicted
acoustic contrast and required array effort. From the acoustic contrast plot it can be seen
that when producing either a front bright or rear bright zone the predicted acoustic contrast
is greater than 20 dB at frequencies between 70 Hz and 800 Hz. At around 800 Hz the pre-
dicted acoustic contrast for the rear bright zone conﬁguration begins to fall off and, although
a signiﬁcant level of acoustic contrast is maintained up to 20 kHz, the performance falls be-
low the minimum 11 dB level required for a subjectively acceptable performance according
to [23] and would only provide adequate acoustic contrast under certain operating scenarios
according to [70]. The difference in performance between the two control scenarios can be
related to the forward-direction of the phase-shift headrest loudspeakers, the directivity of the
individual phase-shift loudspeakers (see Figure 8.4), and the relative positions of the dark and
bright zones as discussed in relation to the headrest loudspeaker transfer responses presented
in Figure 8.8. From the array effort plot in Figure 8.12b it can be seen that the levels of effort
are low, which should be expected as the loudspeakers in the nearﬁeld of the bright zone in
each control scenario are driven largely in-phase, which is the array effort reference condition,
and the loudspeakers in the nearﬁeld of the dark zone in each case are driven at a lower level.
These results are generally similar to the corresponding theoretical predictions shown in Figure
7.13 of the previous chapter, where the contrast level is predicted to be between around 30 and
40 dB at low frequencies and 10 and 20 dB at frequencies above 1 kHz.
To provide further insight into the operation of the headrest loudspeaker array Figure 8.13
shows the acoustic contrast for the two control scenarios when the full array of eight headrest
loudspeakers are driven and when only the four loudspeakers in the nearﬁeld of the bright zone
are driven using the same ﬁlters as for the eight source optimised array. From these plots it can
be seen that in both control scenarios signiﬁcant improvements in the acoustic contrast occur
at frequencies below 1 kHz when using all eight loudspeakers, although at higher frequencies
only small reductions in the performance occur. This indicates that at higher frequencies the
acoustic contrast performance is largely due to the directivity of the phase-shift loudspeak-
ers and the broadside array operation. To improve this performance it would be necessary to
increase the number of sources, decrease the inter-element separation or optimise the perfor-
mance of the phase-shift loudspeakers [84, 78].
Although the high frequency performance of the eight headrest phase-shift loudspeaker
array when attempting to produce a bright zone in the rear of the car cabin is perhaps too low
to achieve subjectively adequate levels of acoustic contrast, the real-time implementation of
this array will be considered along with the car audio source array. Although it was found to be
possible to improve the acoustic contrast achieved by the eight source headrest array by using
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(a) Acoustic contrast.
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(b) Array effort.
Figure 8.12: The acoustic contrast and array effort plotted as a function of frequency for the
array of eight headrest phase-shift loudspeakers optimised to produce a front bright zone (—)
and a rear bright zone (—). The array effort is plotted in decibels relative to the array effort
required to produce the same average bright zone pressure when driving all loudspeakers in-
phase.
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(a) Front bright zone.
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(b) Rear bright zone.
Figure 8.13: The acoustic contrast plotted as a function of frequency for the optimised array
of eight headrest phase-shift loudspeakers (—) and for the four headrest loudspeakers in the
nearﬁeld of the front (a) and rear (b) bright zones alone (—).
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Figure 8.16: The optimal (—) and causal (—) frequency responses of the ﬁlter for loudspeaker
5 in the headrest phase-shift loudspeaker array when producing a rear bright zone.
264the bright and dark zones for the optimisation of the loudspeaker arrays. Using the measured
transfer responses the optimal ﬁlters required to produce both a front bright zone and rear bright
zone were calculated in the frequency domain using the unconstrained least squares method
deﬁned in Section 7.2, and the performance of the two loudspeaker arrays was predicted using
ofﬂine synthesis. For the car audio loudspeaker array it has been predicted that signiﬁcant
levels of acoustic contrast control could be achieved at frequencies below around 200 Hz for
both control scenarios, which is consistent with the simulation results presented in the previous
chapter. The performance of the headrest phase-shift loudspeaker array has also been predicted
and, although the results are not as consistent with the simulations presented in the previous
chapter, signiﬁcant levels of acoustic contrast have been predicted. At frequencies between
around 200 Hz and 800 Hz a contrast level greater than 20 dB was predicted when producing
either a front bright zone or a rear bright zone. However, at higher frequencies the ability
of the array to produce a rear bright zone was shown to reduce. This has been related to
the orientation and directivity performance of the phase-shift sources and could potentially be
improved by optimising the phase-shift loudspeaker design for this application.
To implement the proposed personal audio system in real-time it is necessary to design
practical ﬁlters and a method of calculating the required time-domain responses from the op-
timal ﬁlters’ frequency responses has been presented. The proposed method is based on cal-
culating the inverse Fourier transform of the optimal frequency domain ﬁlter responses. It
is shown that practical ﬁlters can be designed using this method for both the car audio and
headrest loudspeaker arrays, however, since no constraint is imposed on the ﬁlters’ causality,
a modelling delay is required. For the headrest loudspeaker array the ﬁlter required to achieve
signiﬁcant levels of performance is relatively short and, therefore, the required modelling delay
does not signiﬁcantly affect the applications of the system. However, to achieve signiﬁcant lev-
els of performance using the car audio loudspeaker array requires a long ﬁlter and, therefore, a
long modelling delay. This may lead to issues in employing the proposed system in two-way
telecommunications applications and, more importantly, may lead to poor audio quality due
to audible pre-echos. Despite this potential limitation the performance of the two loudspeaker
arrays has been measured in real-time and it has been shown that the two arrays perform as pre-
dicted by ofﬂine frequency domain simulations. However, it has also been highlighted, in-part
through an experimental inconsistency, that the performance of the headrest loudspeaker array
is susceptible to variations in the loudspeaker positions. Therefore, to determine the practica-
bility of implementing the proposed personal audio system in a mass production system it is
necessary to conduct a study considering the robustness of the two loudspeaker arrays.
268mance of feedforward active noise control has been investigated. Through a direct comparison
between optimal feedforward control in both rigid and non-rigid enclosures it has been shown
that active feedforward control is largely unaffected by the change in the enclosure’s response
due to structural-acoustic coupling.
In the context of the structural-acoustic coupled enclosure, a comparison between the con-
trol of an internal acoustic, external acoustic plane wave and point force structural primary
disturbance has been presented. This comparison has shown that for the two structural primary
excitations there is only a limited increase in control bandwidth between employing a single
secondary source and four secondary sources. This has been linked to the radiation from the
structure exciting higher order acoustic modes at lower frequencies than an internal acoustic
excitation and this results in an effective increase in the modal overlap and consequent limited
bandwidth.
Although feedforward control has been highlighted as acost-effective method for active en-
gine noise control, feedback control may offer a more cost-effective active road noise control
solution. In order to achieve global control itis necessary to use multiple secondary sources and
error sensors, however, the implementation of a fully multi-input, multi-output (MIMO) feed-
back controller is computationally demanding and, therefore, a modal feedback control system
has been investigated. Internal model control (IMC) has been used as a convenient method of
designing the modal feedback controller and it has been shown that the IMC architecture leads
to two alternative formulations of the modal feedback controller. The most useful formulation
includes the transducer weightings in the control path and leads to the minimisation of the
actual error signals rather than the modal error signal.
A method of designing the modal feedback controller has been proposed which formulates
the problem as a convex optimisation using an FIR control ﬁlter and frequency discretisation.
This design procedure improves upon previous methods of designing modal controllers by
calculating both the transducer weightings and control ﬁlterin parallel and, therefore, achieving
an optimal controller. The optimised modal controller has been shown to achieve signiﬁcant
levels of control when there is a single dominant acoustic resonance, however, the performance
of the single-input, single-output controller is limited when multiple resonances occur.
To overcome the limitations of the modal feedback controller, a fully coupled MIMO feed-
back controller has been investigated. It has been shown that the fully coupled MIMO feedback
controller is capable of achieving signiﬁcant levels of control of multiple uncorrelated struc-
tural excitations and, therefore, improves on the modal control strategy. In the context of the
proposed MIMO controller three alternative enhancement constraints have been derived, in-
cluding a constraint on the enhancement in the individual error signals and the more common
constraint on the sum of the squared error signals. The performance of these constraints has
been compared in the context of the MIMO feedback controller and it has been shown that the
novel constraint on the enhancement in the individual error signals provides a controller with a
more uniform reduction in pressures and a more practically optimal controller.
To practically validate the performance of feedforward engine noise control and MIMO
270consequent effects on the feedforward control system, the personal audio system and external
sound sources such as speech.
A ﬁnal area of potential development of the work presented in this thesis is to combine the
functionality of the active noise control and active sound reproduction systems. For example,
with reference to Figure 9.1 it may be desirable to cancel road noise at all seating locations
while providing an equalised engine noise to the driver, cancelling the engine noise at all pas-
senger locations and producing independent audio programmes at each seating location. For
example, the driver may require personalised warning sounds and satellite navigation instruc-
tions, while the rear seat passengers may want to watch a video and the front seat passenger
may want to listen to the radio. The development of such a system would require a thorough
understanding of the interactions between the various control systems, but would potentially
give enough added functionality to motivate automotive manufacturers to provide the addi-
tional system requirements which are still difﬁcult to justify purely within the context of active
noise control.
275276acoustic impedance, and the acoustic admittance, which, according to equation A.9, relates
the acoustic pressure produced by the acoustic source to the source strengths that it induces
on the ﬂexible panel. Figure B.2 shows the uncoupled acoustic impedance and admittance,
at the point with maximum response, and the resulting coupled acoustic impedance of the
rectangular enclosure with a ﬂexible roof panel when only the ﬁrst acoustic and structural
modes are considered. From this plot it can be seen that at 16 Hz the admittance is high due to
the structural resonance in the ﬂexible roof panel and according to equation B.2 this produces
a low coupled acoustic impedance, as seen in the black line in Figure B.2, and, therefore, a dip
in the acoustic potential energy in Figure 2.2a.
Figure B.2: The coupled and uncoupled acoustic impedances and the acoustic admittance due
to the structure in the rectangular enclosure with a ﬂexible roof panel when excited at different
frequencies by a single internal acoustic monopole source. The magnitude responses are plot-
ted in decibels relative to the maximum response in order to allow convenient comparison of
the results.
In addition to the signiﬁcant variations between the weakly and fully coupled responses
already described, the two plots in Figure 2.2 also show some smaller variations. For example,
Figure 2.2a shows a slight peak at 42 Hz, which can be simply related to the radiation of the
(3,1) structural mode (see Table 2.2). Figure 2.2b, which shows the total structural kinetic
energy, also shows some small variations up to around 250 Hz. These variations are mainly
285From the presented simulations it is clear that, for the considered enclosure, the effects of
structural-acoustic coupling are signiﬁcant and, therefore, the fully coupled analysis should be
employed for further simulations.
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Figure C.1: Simulated acoustic and structural response of the acoustic enclosure with a ﬂexible
roof panel with clamped boundary conditions when excited at different frequencies by a single
acoustic monopole source with a volume velocity of 10−5 m3s−1.
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Figure C.2: Simulated response of the acoustic enclosure with all non-rigid panels being ﬂex-
ible with clamped boundary conditions excited by a single acoustic monopole source with a
volume velocity of 10−5 m3s−1.
296306310314damping and, therefore, this method does not guarantee an optimal solution in the majority of
practical problems. Despite the potential limitations of the proposed method of optimising the
spatial ﬁltering, it does provide a computationally efﬁcient and systematic method of deﬁning
the transducer weightings and, therefore, it has been included here for reference. The appli-
cation of this method to the road noise control problem has been employed in [159], however,
it is shown that the performance is limited due to the multiple resonances present in the road
noise control problem.
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(a) Acoustic contrast
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Figure J.1: The acoustic contrast and array effort achieved in the rigid (—) and non-rigid (—)
enclosures for an array of eight sources positioned in the corners of the enclosure attempting
to produce a bright zone in the front seating region and a dark zone in the rear seating region
in the rectangular enclosure, as depicted in Figure 7.2. The acoustic contrast and array effort
are plotted in decibels relative to the acoustic contrast and array effort achieved when the eight
corner sources are driven in phase with equal amplitude whilst producing the same mean square
pressure in the bright zone.
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